Black phosphorus (BP) tunneling transistors (TFETs) using heterojunction (He) are investigated by atomistic quantum transport simulations. It is observed that edge states have a great impact on transport characteristics of BP He-TFETs, which result in the potential pinning effect and deteriorate the gate control. While, on-state current can be effectively enhanced by using hydrogen to saturate the edge dangling bonds in BP He-TFETs, in which edge states are quenched. By extending layered BP with a smaller band gap to the channel region and modulating the BP thickness, device performance of BP He-TFETs can be further optimized and fulfill the requirements of the international technology road-map for semiconductors (ITRS) 2013 for low power applications. In 15 nm 3L-1L and 4L-1L BP He-TFETs along armchair direction on-state current can reach above 10 3 µA/µm with the fixed off-state current of 10 pA/µm. It is also found that ambipolar effect can be effectively suppressed in BP He-TFETs.
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With continuous device scaling it becomes more and more important to reduce power consumption in integrated circuits, which can be realized by reducing the supply voltage.
For this purpose, transistors should achieve a lower subthreshold swing (SS). In traditional CMOS technology, metal-oxide-semiconductor field effect transistors (MOSFETs) are controlled by manipulating the thermionic current over the barrier and SS can not be smaller than 60 mV/decade at room temperature [1, 2] . In recent years, tunneling field effect transistors(TFETs) are extensively studied due to the potential to overcome the thermal subthreshold limit [1, 2] . With smaller SS and lower off-state current both static and dynamic power consumptions can be effectively decreased in TFETs. More recently, two-dimensional (2D) structures including graphene [3, 4] , transition metal dichalcogenides (TMDCs) [5] [6] [7] [8] and topological insulators [9, 10] , are explored as the channel materials of TFETs for good gate control. However, these TFETs also have their limitations. Inevitable edge roughness increases the off-state current of GNRs TFETs [11] ; it is hard to get reasonable on-state current in TMDCs [7, 8] and TI TFETs [9, 10] for realistic low power applications.
At the beginning of 2014, layered black phosphorus (BP) with many unique properties is discovered and applied in nanoelectronic and nanophotonic devices [12] [13] [14] [15] [16] [17] [18] . Different from other 2D semiconductors, BP has a layer dependent direct band gap and anisotropic band structure [19] [20] [21] [22] . The unique property of anisotropy can provide a small effective mass and large density of states at the same time. Therefore, phosphorene TFETs can reach higher on-state current than TMDCs TFETs [23, 24] . On-current can be boosted by using multilayer BP films, while leakage current and subthreshold swing(SS) is increased at the same time [24] . Due to the layer dependent band gap, it should be experimentally feasible to design heterojunction by thickness modulation for performance optimization in BP TFETs.
In this work, we studied the device physics of BP heterojunction (He) TFETs through atomistic quantum transport simulations, and compared device performance of BP HeTFETs with BP homojunction (Ho) TFETs. Thicker BP with a smaller band gap is utilized in the source to obtain higher on-state current and thinner BP is applied in the channel and drain to achieve lower off-state current. We perform the first principles calculations to study the edge states, and demonstrate that these interface sates have a great impact on transport properties of BP He-TFETs. Motivated by the anisotropic band structure He-TFETs along armchair direction (AD) and zigzag direction (ZD) are examined. For optimizing device performance, thickness of BP film is modulated and layered BP applied in the source is There is a overlap region of bilayer BP in the dashed box under the gate which is also intrinsic. extended to the channel. Finally, scale behavior of BP He-TFETs is studied according to low power technology requirements specified in ITRS 2013 [25] .
As illustrated in Fig. 1(a) , the simulated device has a double gate structure with BP heterojunction sandwiched between two 3 nm HfO 2 layers. The source is heavily doped to p-type with the doping density of n 0 = 7.0 ×10 13 /cm −2 , and the drain is doped to n-type with the same density. The intrinsic channel length of the TFET is equal to the length of the gate. In homojunction, source, drain and the channel under the gate use the same layer BP.
While, in heterojunction bilayer BP is applied in the source and monolayer BP is applied in the channel and drain as illustrated in Fig. 1 (a). In order to improve device performance a overlap region (dashed box region in Fig. 1 (a)) with length L OL near the source under the gate has been considered, which has the same number of layers with the source.
We first study the electronic properties of BP heterojunctions. The first principles calculations are performed within the density functional theory (DFT) implemented in the Vienna ab initio simulation package (VASP) [26] . The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional is applied to treat the exchangecorrelation [27, 28] . Generally, on-state current can be boosted by using smaller band gap material in the source [32] . Drain current is increased in 2L-1L AD He-TFETs with edge passivation at V G = 0.85 V; however, the current is reduced in 2L-1L AD He-TFETs without edge passivation as shown in Fig. 2(a) .
To analyze the reason why the on-state current is not effectively improved in 2L-1L AD BP He-TFETs without edge passivation, we calculated local density of states (LDOS) and band profiles along the channel as illustrated in Fig. 2(b, c) . Edge states can be obviously found in 2L-1L BP heterojunction without edge passivation shown in Fig. 2(b) ; while, these edge states can be eliminated in H saturated BP He-TFETs in Fig. 2(c) , which is consistent with DFT results. Due to the existence of edge states the channel potential is pinned in 2L-1L AD BP He-TFETs without edge passivation. Therefore, gate voltage can not effectively modulate the channel potential. Fig. 3(a) Hence, current is greatly increased as demonstrated in Fig. 3(b) . At V G = 0.25V , the current is contributed by direct tunneling from source VB to drain CB. So, the tunneling process is mainly dominated by the properties of the channel material: tunneling barrier height related the band gap and tunneling length. In 2L-1L AD BP He-TFETs the channel material is 1L BP with a band gap of 1.52 eV, so the off-state current can be kept very small even though larger than 1L BP Ho-TFETs. Another interesting phenomenon in 2L-1L BP He-TFETs is that ambipolar effect is greatly suppressed. Namely, current at negative gate voltages is extremely smaller than that at high positive gate voltages as shown in Fig. 2(a) .
The reason is that we applied an asymmetry device structure. At negative gate voltages the current is determined by the channel-drain junction which is monolayer BP.
It is well known that layered BP has anisotropic effective mass; therefore, orientation 7 dependent transport properties in BP He-TFETs are expected. Fig. 4(a) Therefore, SS of BP He-TFETs in ZD is effectively decreased and can reach 40 mV/decade.
We note that even though current at high positive gate voltages is improved in ZD HeTFETs, the on-state current is still smaller than that of 2L BP Ho-TFETs by several orders.
In order to further optimize device characteristics 2L BP is extended into the channel. As shown in Fig. 4(a) , the overlap region can greatly improve the on-state current. The current The on-state current of 15nm 3L-1L AD He-TFETs reaches 1.6 × 10 3 µA/µm.
In summary, device physics of BP heterojunction tunneling FETs is studied by atomistic simulations. It is discovered that edge states have a great impact on device characteristics of BP He-TFETs, which lead to the potential pinning effect and gate control deterioration. While, on-state current and on-off current ratio can be effectively improved in BP He-TFETs with hydrogen saturated edges. Device performance of BP He-TFETs can be further optimized by extending the low gap material to the channel region and using thicker BP in the source. It is also observed that ambipolar effect can de effectively suppressed in BP He-TFETs due to the asymmetry device structure. Compared with ITRS 2013, 12 nm and 15 nm BP He-TFETs have promising performance for low power applications.
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